for the active site of the metalloenzyme have been developed. These complexes also showed NOR activity. Finally, an NO reduction cycle in the diruthenium system is described.
Introduction
The activation of relatively inert small molecules such as N 2 and CO 2 on transition metal complexes has been fascinating chemists [1] . While nitrogen monoxide (NO) is rather reactive compared with N 2 and CO 2 , the controlled reactivity of NO on transition metal complexes has received considerably less attention. Since NO has an unpaired electron, oxidation to NO + or reduction to NO -to generate electron paired species easily occurs, which complicates mechanistic understanding. Reactions involving NO regulation occur in biological systems [2] , such as blood pressure control, neurotransmission, immune systems, etc., although NO has adverse effects on the environment [3] . Other exquisitely controlled reactivity of NO is shown in the metalloenzyme, nitric oxide reductase (NOR), which is involved in biological denitrification (a four-step process that reduces to N 2 ). NOR is a membrane-bound enzyme that catalyzes the 2e -reduction of nitric oxide (NO) to nitrous oxide (N 2 O) using two protons, i. e., 2NO + 2e -+ 2H + -> N 2 O + H 2 O [1, 4] . In 2010, the crystal structure of NOR at 2.7 Å resolution was finally revealed [5] . The active site of NORs possesses a heme iron/non-heme iron (Fe B ) dinuclear center ( Fig. 1) , which is similar to that of the respiratory enzyme cytochrome c oxidase (CcO) [6] , where Cu B occupies the distal position instead of Fe B in NOR.
The mechanism of the NOR reaction remains a matter of debate [7] . However, it clearly involves intriguing N-N bond formation and N-O bond cleavage on transition metal complexes.
( [8] . This methodology has proved to be mostly successful to predict the coordination geometries of common metal-nitrosyl complexes, but several exceptions have been reported [9] . A number of comprehensive reviews and chapters about metal-NO complexes have appeared during the past several decades [10] .
This review focuses on the NOR-type reaction (conversion of 2NO to N 2 O and H 2 O using two electrons and two protons) not involving NO disproportionation (3NO -> N 2 O + NO 2 ) [1,4a,10] . Metal complex-mediated NO disproportionation is a very common reaction type. In either case, the N-N bond formation (N-N coupling) of two NO molecules on transition metals is a key step in the mechanism. However, only a few examples of N-N coupling on transition metals have been structurally characterized. In this connection two types of N-N coupling have been determined, namely hyponitrite (O-N=N-O) 2-formation and neutral (O=N-N=O) formation. There is only a single example of the latter. Initially, we describe these complexes and their ability to release N 2 O. In addition, discussion about the NOR-type reaction using structural and functional models of the active site of NOR is reviewed. Finally, an NO reduction cycle utilizing the unprecedented N-N coupling (neutral (O=N-N=O) form) complex is described. Two recent reviews have also been written concerning hyponitrite interactions with transition-metal complexes and bioinspired inorganic chemistry involving NO reduction, respectively [11] . confirmed by X-ray crystal structure analyses [15] . The IR spectra of 3a and 3b show only (CO) bands that are characteristic of terminal carbonyls, which differs from 2. In their 1 H NMR spectra, singlet signals corresponding to the NOH and NOMe groups are observed at  = 11.13 and 3.10 ppm, respectively. Deprotonation of 3b afforded a neutral trans-hyponitrite
N-N coupling on transition metal complexes and elimination of
Bu 2 )(-dppm)(-ONNOMe)] (4), which was also crystallographically characterized [16] . The (NO) band, and the structure was confirmed by the X-ray crystallographic analysis (Fig. 3) .
Bonding interaction between two NO nitrogen atoms is no longer observable as exemplified by an N···N separation of 3.006 (8) (Fig. 4) . Similar attempts to form an N-N bond between two nitrosyl ligands in a dinuclear iron complex have failed. In this case, warming of the dinitrosyl iron complex led to NO ligand dissociation (Scheme 9) [23] .
(Scheme 8, Fig 3, Fig. 4 , and Scheme 9 here)
Protonation of the N-N coupling complex 9 triggered elimination of N 2 O (Scheme 10).
Treatment of 9 with HBF 4 in CH 2 Cl 2 gave an oxido-bridged dinuclear complex (TpRu) 2 (-Cl)(-pz)(-O) (11) (21% yield) and the oxidized complex 10 (43% yield), along with evolution of N 2 O which was detected by gas-chromatography (25% yield based on 11). ( Table 1 here)
The IR spectra would give useful information of the appearance of the N 2 O 2 moiety. The reported IR wavenumbers associated with the N 2 O 2 stretching vibrations are shown in ), but these are not clearly assigned [12b,17] . As can be seen in the IR spectra of two sodium hyponitrite [26] , the trans-and ( [31] . In control experiments, the dinitrosyl complex 14 was protonated at -80 ºC and then warmed to room temperature to afford a mono nitrosyl complex ( indicates paramagnetism, although the NMR spectrum of 11 shows diamagnetism probably owing to strong antiferromagnetic spin exchange coupling via a superexchange mechanism [35] . Protonation of the oxido bridge in 11 weakens the orbital overlap between the Ru d and oxygen p orbitals, resulting decrease of the antiferromagnetic coupling. Finally, the structure of 17 was determined by single-crystal X-ray diffraction. Protonation on the bridged oxido ligand was confirmed by the Ru-O distance (2.0038(19) Å), which is longer than that of 4-bromopyrazolato-and oxido-bridged derivative of 11 (1.898 (4) by protonation and heat. Also, a few functional model complexes for the active site of the metalloenzyme (nitric oxide reductase) showed NOR activity. Finally, the NO reduction cycle using the unprecedented N-N coupling complex 9 is presented.
